Abstract. The large elliptic flow observed in Au-Au collisions at RHIC is often put forward as a compelling evidence for the formation of a strongly interacting quark-gluon plasma. The main argument is that the measured elliptic flow is as large as the value given by fluid dynamics models that assume complete thermalization. It is argued that this claim may not be justified, since a detailed examination of experimental data rather suggests that the system created is not fully equilibrated at the time when anisotropic flow develops.
Introduction
One of the salient results of the heavy-ion programme at RHIC is the measurement with unparalleled detail and accuracy of the anisotropy in the transverse-momentum distributions of particles emitted in the collisions, the socalled "anisotropic flow". Four Collaborations have provided plenty of data on the first harmonics v 1 ("directed flow"), v 2 ("elliptic flow") and v 4 in the Fourier expansion of the azimuthal distribution of particles, as a function of the particle transverse momentum and rapidity, for various particle species [1] [2] [3] [4] . These data triggered immense interest, as it was claimed that for the first time they could be reproduced, together with the transverse-momentum spectra of identified particles, by hydrodynamical models [5] . Such an agreement supposedly necessitates that the matter created in the collisions be thermalized after about 0.6 fm/c, and that its equation of state be soft.
The claim led to a huge amount of theoretical studies which investigate whether such a short thermalization time can be accounted for in microscopic models of the collision [6] . Meanwhile, more phenomenological studies are still needed, to question the uniqueness of the interpretation of the experimental findings. It actually turns out that there is ample room for an alternative reading of the anisotropic-flow data, provided one assumes that equilibration in the collisions is incomplete [7] . In that view, I shall first recall in sect. 2 various definite predictions of ideal fluid dynamics regarding anisotropic flow. The contrasting predictions of an out-of-equilibrium scenario will then be presented in sect. 3; in particular, it will be shown that the latter assumption elucidates in a nata e-mail: nicolas.borghini@cern.ch ural way several features of the data that were left aside by the ideal-fluid explanation.
Anisotropic flow in ideal fluid dynamics
In this section, I shall list different firm predictions for anisotropic flow derived within ideal fluid dynamics. Before that, let me first briefly recall the physical prerequisites for using a hydrodynamical description of the evolving matter in heavy-ion collisions.
Ideal fluid dynamics: the basic physics ingredients
In fluid dynamics, it is customary to sort fluid flows into different categories according to their physical properties, using dimensionless numbers. Thus, viscous (respectively, inviscid, also referred to as "ideal") flows are characterized by small (respectively, large) Reynolds numbers Re ≡ εL v fluid /η, where ε, v fluid and η are the energy density, velocity and shear viscosity of the fluid, and L some characteristic length in the system. Similarly, the Mach number Ma ≡ v fluid /c s , where c s is the speed of sound in the fluid, quantifies the difference between incompressible (Ma 1) and compressible (Ma ∼ 1) flows. Finally, the Knudsen number Kn ≡ λ/L -where λ is a mean free path-marks the disparity between systems with low numbers of collisions per particle (large Kn), which behave like free-streaming gases, and liquid-like systems in which each particle experiences many collisions (Kn 1). The three above-mentioned numbers are actually related to each other: since η = εc s λ, one finds at once Ma = Kn × Re. Now, the matter created in heavy-ion collisions expands into the vacuum, hence the corresponding 28 The European Physical Journal A flow is compressible and Ma is of order unity. This implies that the expansion of the created fluid satisfies the relation Re 1/Kn: if one can show that Kn is small, it means that the fluid viscosity is small, in accordance with the "ideal-liquid" paradigm [8] .
In the following, I shall present results on anisotropic flow in both regimes where Kn ∼ 1 (sect. 3.1) and Kn 1 (sect. 2.2). In the latter case, which will be referred to as the "ideal fluid", the large number of collisions per particle leads to some local thermal equilibrium. One distinguishes several types of equilibria: either "kinetic", i.e., equilibrium with respect to elastic collisions, or "chemical", with respect to inelastic interactions. It is important to keep in mind that these two equilibria do not necessarily hold simultaneously. They are also probed by different observables, namely the relative abundances of particle species for chemical equilibrium, while the constrains on momentum distributions imposed by kinetic equilibrium are rather investigated with the help of anisotropic flow and HBT correlations [9] . Unless stated explicitly otherwise, any reference to equilibrium or equilibration in the remainder of this paper will actually only concern kinetic equilibrium.
Predictions for anisotropic flow
Following the original predictions in ref.
[10], the use of hydrodynamics provides a simple intuitive picture for the physics of anisotropic flow. The initial spatial anisotropy in the transverse plane of the overlap zone between two nuclei in a non-central collision results in a stronger pressure gradient in the direction of impact parameter ("in-plane") than perpendicular to that direction ("out-of-plane"). As a consequence, in-plane particles acquire more momentum than out-of-plane particles, leading to an anisotropy of the transverse-momentum distributions.
More quantitative statements can be made, based either on analytical calculations or on Monte Carlo computations. Thus, simulations of the development of the average elliptic flow v 2 show the existence of various scalings [7] . As a first example, the time development of v 2 is independent of the centrality of the collision: if one scales v 2 by the initial spatial eccentricity ≡ y 2 −x 2 / y 2 +x 2 and studies how it evolves with time measured in units ofR/c s , whereR = (1/ x 2 + 1/ y 2 ) −1/2 quantifies the size of the overlap region, one finds a universal curve for most values of the impact parameter, except for the most peripheral collisions (see fig. 1 ). This universal behaviour shows in particular that the typical buildup time for elliptic flow isR/c s , i.e., about 2-4 fm/c for Au-Au or Cu-Cu collisions, in agreement with the findings of transport model computations [11, 12] .
While fig. 1 shows that the final v 2 value depends on the shape of the overlap region, v 2 ∝ , the scale invariance of ideal fluid dynamics implies that it is independent of the system size, i.e., ofR. Note, however, that this system size invariance does not allow a straightforward extrapolation from one system to the other (say from Au-Au to Cu-Cu collisions), because the initial conditions do not scale accordingly (different nuclei have different density profiles). For given system size and shape, the final elliptic-flow value varies with the speed of sound c s . More quantitatively, if one assumes a constant c s throughout the system evolution, then the final v 2 increases with c s as soon as c s > 0.1 -it even becomes proportional to c s for c s 0.3 [7] .
To close this section, let me mention a few results that were obtained analytically, exploiting the fact that the ideal-fluid assumption is equivalent to considering the limit of small freeze-out temperature. In ref.
[13], it was emphasized that emitted particles fall in a natural way into two categories, namely "slow" particles, defined as those whose velocity equals that of the fluid at some point on the freeze-out hypersurface, and "fast" particles, which are faster than the fluid at freeze-out. For both categories of particles, definite predictions regarding anisotropic flow can be made. Thus, the dependence of elliptic flow on the particle velocity v 2 (p T /m), where p T and m are the particle transverse momentum and mass, should be identical for all types of slow particles (except pions, whose mass is not much larger than the freeze-out temperature). The same property holds for all other flow harmonics v n (p T /m). This in particular implies a mass-ordering of v 2 (p T ), the heavier particles having smaller flow at a fixed transverse momentum. It turns out that the mass-ordering of v 2 (p T ) also holds for fast particles. For the latter, it was shown that the various even flow harmonics are related, the most important relation being v 4 (p T ) = v 2 (p T ) 2 /2, valid for each particle species in each rapidity window provided the transverse-velocity profile at freeze-out is not too different from an ellipse [13] .
